Abstract-The vapor pressures of the major congeners in commercial polychlorinated biphenyl (PCB) mixtures (Kanechlors; Kanebuchi Chemical Industry, Tokyo, Japan) have been experimentally determined by Knudsen mass loss effusion. We obtained vapor pressures for the individual PCBs in the crystalline solid, liquid, and subcooled liquid forms as a function of temperature. We derived the thermodynamic parameters, such as the enthalpies of sublimation and vaporization, from the temperature dependence of the vapor pressure by the Clausius-Clapeyron equation. To decide whether the commercial PCB mixtures were ideal solutions, we obtained the activity coefficients by comparing our experimental vapor pressures for pure PCB congeners with those calculated from Kanechlor molar compositional data and vapor pressure values. In many cases, we found that, at 298 K, the values of the activity coefficients of major PCBs in Kanechlor 300 and 500 ranged from 1 to 2. Thus, we suggested that the commercial PCB mixtures show slight positive deviations from ideal solution (Raoult's Law) behavior at ambient temperatures.
INTRODUCTION
Various physicochemical parameters of polychlorinated biphenyls (PCBs) govern their transport, distribution, and fate in the environment; their vapor pressures, as well as their aqueous solubilities and octanol/water partition coefficients, are among the most important of these. The physicochemical properties of PCBs vary considerably between individual congeners and depend on the substitution number and position of chlorines [1, 2] . Therefore, as complex mixtures, their potential environmental behavior is difficult to quantify. Also, for the design of a safe PCB treatment process (e.g., a PCB detoxification process, their removal from contaminated devices, and distillation and exhaust systems), reliable vapor pressure data are very important. However, to predict their atmospheric concentrations and model the dynamics of PCBs in a PCB treatment process, we must know the accurate vapor pressures of each individual congener in commercial PCB mixtures. For suitable prediction models, an understanding of the temperature dependence of the liquid phase vapor pressures is essential. For example, to predict their distribution behavior between the air and aqueous environments, we must know the subcooled liquid vapor pressures for each congener, rather than their solid phase values.
Over the past years, many studies on the vapor pressures of PCB congeners have been performed [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] , but experimentally obtained vapor pressures are limited. Because of the low volatility, high toxicity, and cost of these compounds, only single temperature values have usually been reported. Nevertheless, a few papers show the temperature dependence of the liquid phase vapor pressure of PCBs. For example, Tateya et al. [16] derived the Antoine constants, which are the parameters of the Antoine equation for temperature dependence, of 46 PCB congeners from their vapor pressures by a capillary gas chromatography (GC) method. Hinckley et al. [17] presented the Clausius-Clapeyron coefficients of liquid phase vapor pressures for four congeners from the data obtained by the capillary GC method. Falconer and Bidleman [18] provided fitting parameters for calculating the liquid phase vapor pressures of 180 PCB congeners as a function of temperature from the GC retention data for 32 PCB congeners.
Methods for measuring a low vapor pressure include the gas saturation, the Knudsen effusion, and the vapor pressure balance methods (these are classified as absolute methods); in addition, we have the capillary gas chromatography retention time (GC-RT) method (classified as a relative method). Of these, the Knudsen effusion method is one of the accurate techniques for measuring the vapor pressures of substances with low volatility; this method has been employed in this study. In our previous paper, we discussed the vapor pressures of commercial Kanechlor fluids (Kanechlor 300 and Kanechlor 500; Kanebuchi Chemical Industry, Tokyo, Japan) and 10 PCB congeners (AccuStandard, New Haven, CT, USA) in the solid phase as a function of temperature by the Knudsen method [19] . However, direct measurements, such as the Knudsen effusion method for the liquid phase vapor pressures of PCB congeners, have not been systematically investigated. [19] and selected coplanar congeners. Our focus here is on the temperature dependence of the liquid phase vapor pressure, entirely on the basis of experimental values. However, most of the pure PCB congeners are crystalline solids at room temperature; in the environment, their behavior can be better approximated from subcooled liquid properties, such as vapor pressure and solubility, because they are more directly related to partitioning (the partition coefficients) between the environmental phases such as air, water, and soil [10] . Thus, to calculate the liquid phase vapor pressure (subcooled liquid, P L ) from the solid phase vapor pressure, P S of the congeners, we also measured their melting points and enthalpies of fusion with a modulated differential scanning calorimeter (modulated DSC). The vapor pressures of the crystalline solids, P S , and the subcooled liquids or liquid, P L , obtained in this study were compared with various literature values. The thermodynamic parameters, such as the enthalpies of sublimation and vaporization, were derived from the temperature dependence of the vapor pressure. From the thermodynamic correlation of the energies of phase transfer with the experimental vapor pressures for selected PCB congeners, we confirmed the validity of our vapor pressure data in both the solid phase and the liquid phase.
To derive the activity coefficients of the major PCB congeners in Kanechlor mixtures, we used the vapor pressures and molar compositional information of the Kanechlors to calculate the partial pressures and vapor pressures of individual PCB congeners [19] . We compared these calculated vapor pressures with the experimental values for pure PCB congeners in this study to obtain their activity coefficients.
MATERIALS AND METHODS

Samples
A list of reference compounds and 26 PCBs selected for this study is shown in Table 1 . The names of PCB compounds were abbreviated as following: dichlorobiphenyl (DiCB), trichlorobiphenyl (TriCB), tetrachlorobiphenyl (TeCB), pentachlorobiphenyl (PeCB), hexachlorobiphenyl (HxCB), and heptachlorobiphenyl (HpCB). It is well known that the Knudsen effusion method requires pure compounds in measurable quantities. In this study, we used samples with a higher than 0.99 mole fraction purity; in addition, we pretreated each sample under vacuum at least 10 h before the actual measurement. Such a procedure should remove the influence of impurities with a higher volatility. The reproducibility of both the melting temperature results and the vapor pressure data [19] also indicate that the influence of impurities was minor and could be disregarded.
Knudsen effusion method
The Knudsen effusion method is a dynamic technique based on the rate of diffusion of vapor molecules though an orifice into vacuum. The Knudsen effusion cells used are cylindrical sample containers made from aluminum and consisting of two parts (i.e., upper lids and lower pans). The final dimensions of the cell were 4.4 mm internal diameter (i.d.), 4.6 mm depth, and 0.1 mm wall thickness. A circular effusion orifice with diameter of 0.15 mm is located coaxially at the center of the upper lid. Weight loss of the sample was measured in situ with an online electric microbalance (MX5, Mettler-Toledo International, Greifensee, Switzerland). A rotary pump and a turbo molecular pump established a high vacuum of less than 10
Ϫ2
Pa in the system.
The theoretical background of the method is the kinetic theory of gases, from which Knudsen derived an expression for the slow isothermal flow of vapors through orifices. The mass loss ⌬m of the sample in a specified period of time t is related to the equilibrium pressure P eq by
where A o is the area of the effusion orifice, M is the molecular mass of the effusing vapor, T is the absolute temperature, R is the gas constant, and K C is the Clausing probability factor of the orifice, which is cited in the literature [20] . The apparatus is designed especially for vapor pressure measurement of persistent organic compounds, which are low-volatility chemicals. The reliability and reproducibility of vapor pressure results measured with this apparatus, which used a cell with several orifice sizes, was checked with pure reference compounds of solid benzoic acid and anthracene. We have already described in more detail the apparatus and procedure for the Knudsen effusion method in our previous papers [19, 21, 22] . With the use of the measured temperature dependencies of vapor pressures, we can obtain the vaporization or sublimation enthalpies of each congener by the Clausius-Clapeyron equation (Eqn. 2),
where ⌬H and ⌬S indicate enthalpy and entropy changes, respectively, and R is the gas constant.
DSC methods
We determined the melting points (T m ), enthalpies (⌬H fus ), and entropies (⌬S fus ) of fusion for PCB congeners with a modulated DSC (DSC 2920, TA Instruments, New Castle, DE, USA). The DSC is a widely used calorimeter that measures the thermal properties of compounds, such as melting point and heat of phase transitions [23] . Samples of about 10 mg were hermetically sealed in aluminum pans capable of resisting internal pressure up to 300 kPa, and an empty pan served as a reference. They were heated at a rate of 1 K/min from 298 K to 523 K in an Ar flow at a rate of 40 ml/min. Before the measurements, the temperature was calibrated by the melting points of pure In and Sn. Conversion of the vapor pressure of the crystalline solid (P S ) to that of the (subcooled) liquid state (P L ) is possible with the use of Equation 3 .
Because melting is a reversible isothermal process, ⌬S fus can be calculated from ⌬H fus by ⌬S fus ϭ ⌬H fus /T m .
Gas chromatography-mass spectrometry analysis
For quantification and identification of the PCB congeners, we performed gas chromatography-mass spectrometry (GC-MS) analyses with a HP 6890 series gas chromatograph (Hewlett-Packard, Wilmington, DE, USA) with an HP8-PCB column (60 m, 0.25 mm i.d., 0.33 m film thickness, Scientific 330 Environ. Toxicol. Chem. 25, 2006 K. Nakajoh et al. Glass Engineering-SGE, Melbourne, VIC, Australia) and an AutoSpec Ultima mass spectrometer (Micromass, Manchester, UK). The detailed conditions of the GC-MS procedures have been reported elsewhere [19] .
RESULTS AND DISCUSSION
Melting points and enthalpies of fusion for PCB congeners
Experimental values of the melting points (T m ), enthalpies of fusion (⌬H fus ), and entropies of fusion (⌬S fus ) for the reference compounds and the PCB congeners are shown in Table  2 . It was confirmed that no weight loss and decomposition of the samples had occurred during the DSC measurements. The entropies of fusion of these measurements for the reference compounds and for 2,2Ј,4,5,5Ј-pentachlorobiphenyl were almost the same as the literature values measured with DSC by Hinckley et al. [17] and Miller et al. [24] , respectively. However, the entropies of fusion obtained here for 2,2Ј,5,5Ј-TeCB and 3,3Ј,4,4Ј-TeCB were about 10 J/mol·K higher than those measured by Hinckley et al. [17] and about 10 J/mol·K lower than those quoted by Shiu et al. [8] , respectively.
As summarized in Table 2 , a comparison of the melting points among each of the di-, tetra-, and penta-CBs revealed that those of the non-ortho PCBs were much higher than the others. For instance, the melting points of 4,4Ј-DiCB (421.1 K), 3,3Ј,4,4Ј-TeCB (451.2 K), and 3,3Ј,4,4Ј,5-PeCB (430.7 K), all non-ortho congeners, are much higher than those of their other homologue. These high melting points might be due to both the coplanar structure of the non-ortho PCBs and their symmetric chlorine substitutions.
Temperature dependences of vapor pressures for PCB congeners
The entropies of fusion obtained in this study were used to calculate the subcooled liquid vapor pressure (P L ) from the solid phase vapor pressure (P S ) by Equation 3 . Figure 1 shows the temperature dependence for the biphenyl of both the solid phase vapor pressure and the subcooled liquid vapor pressure obtained in this study and from the literature. The solid vapor pressure values obtained by the mass loss Knudsen effusion technique are quite similar to the data measured by Sasse et al. [25] , who used a static method with an electronic manometer equipped with a wide-range pressure sensor. Our results also are in good agreement with data calculated by Chirico et al. [26] , who presented a vapor pressure curve equation derived from thermodynamic functions, such as entropies and enthalpies, for the solid and liquid phases under saturation vapor pressure (Third Law method [26] [25] ). For the subcooled liquid, our vapor pressure (3.91 Pa at 298 K) calculated from the solid vapor pressure data is lower than the value of 6.62 Pa obtained by Bidleman [2] , who used the GC retention method. However, the subcooled liquid results of our study are in reasonable agreement with those measured by Sasse et al. [25] . The extrapolated value at 298 K according to the Clausius-Clapeyron equation from the data of Sasse et al. [25] is 3.97 Pa, which is very close to our value of 3.92 Pa. The enthalpy of vaporization of biphenyl calculated from the subcooled liquid vapor pressure results in this study is 58.36 Ϯ 3.58 kJ/mol; this value is almost the same as the result (60.40 kJ/mol) obtained by Sasse et al. [25] . These results for biphenyl give us confidence in the present method of determination for subcooled liquids, which has the advantage of being derived from accurate values of solid phase vapor pressures and entropies of fusion. Table 3 presents our data on the temperature dependence of the vapor pressure and the enthalpies of sublimation and vaporization for biphenyl, the major PCB congeners, and selected coplanar congeners in the commercial mixtures Kanechlor 300 and Kanechlor 500 compared with literature GC studies by Tateya et al. [16] , Hinckley et al. [17] , and Falconer and Bidleman [18] . In Table 4 we compare solid and subcooled liquid vapor pressures at 298 K with the capillary GC values of Bidleman [2] and Foreman and Bidleman [7] and those of Dunnivant and Elzerman [6] calculated from the solubilities and Henry's Law constants.
From our GC-MS analysis of the PCB samples conducted after the vapor pressure measurements in this study, we confirmed that these samples had not partially decomposed during vaporization. Tables 3 and 4 show that, in both the solid and liquid phases, the vapor pressures of the PCB congeners within each homologue decrease in the following order. These data clearly demonstrate that the vapor pressures for the PCB congeners were not correlated with their molecular mass. However, the solid and liquid phase vapor pressures were higher for the congeners that had more chlorine substitutions in the ortho positions of the phenyl rings (the ortho effect). These results are identical with Bidleman's results obtained by GC [2] and with those in our previous paper that reported the solid vapor pressures of 10 PCB congeners (major Di-, Tri-, and TeCBs) in Kanechlor 300, taken by the Knudsen effusion method [19] . The effect of ortho substitution on vapor pressure discussed here might be caused by the lesser degree of self-association among the PCB molecules with more orthosubstituted chlorines. Substituted chlorines in the ortho positions cause a reduction in planarity and a twisting of the two phenyl rings from the repulsion forces between the orthoposition atoms. Their effect on the vapor pressures discussed here might be caused by the lack of resonance among the PCB molecules with more ortho-substituted chlorines. In view of the experimental results, it was found that non-ortho and high symmetrical PCBs that generally have higher toxicity are much less volatile than the other congeners within their homologue class. The solid vapor pressures that we obtained for 4,4Ј-DiCB, 3,3Ј,4,4Ј-TeCB, and 3,3Ј,4,4Ј,5-PeCB at 298 K (Table  4) are one to two orders of magnitude lower than those of the other congeners in each homologue. For these congeners, the differences between the solid vapor pressure and the subcooled liquid vapor pressure are also much greater than those of the other congeners. The subcooled liquid vapor pressures at 298 K for 3,3Ј,4,4Ј-TeCB and 3,3Ј,4,4Ј,5-PeCB are approximately two orders of magnitude higher than the solid phase vapor pressures. These congeners are very stable in the crystalline solid because of their coplanar structure, which lacks orthochlorines and has highly symmetric chlorine configurations; these properties are relevant to their high melting points and enthalpies of fusion (see Table 2 ).
We measured the vapor pressures of 2,4Ј-DiCB, 2,2Ј,5-TriCB, 2,4,4Ј-TriCB, 2,4Ј,5-TriCB, 2Ј,3,4-TriCB, and 2,2Ј,3,4,4Ј,5,5Ј-HpCB in both the solid and liquid phases. As an example, we provide the vapor pressures of 2,4Ј-DiCB, 2,4,4Ј-TriCB, and 2,2Ј,3,4,4Ј,5,5Ј-HpCB, with other literature data, in Figures 2, 3, and 4 , respectively. In each figure, we have plotted two linear regressions of the experimental data both for the solid and liquid phases. In these figures, the liquid regression line intersected with the solid regression line near 334 Environ. Toxicol. Chem. 25, 2006 K. Nakajoh et al. the melting point. The subcooled liquid data, which were converted from the solid vapor pressures, correspond to the extrapolated line of the liquid vapor pressure data (r 2 ϭ 0.998-0.999). This correspondence suggests that the experimental vapor pressure data (for the solid and liquid phases) and the fusion data determined in this study are reasonable. For these congeners, we directly measured the vapor pressures in the solid and liquid temperature range, which contain the melting point. The vaporization and sublimation enthalpies of the congeners, derived from the temperature dependencies via Equation 1, are shown in Table 3 . For 2,4Ј-DiCB, 2,2Ј,5-TriCB, 2,4,4Ј-TriCB, 2,4Ј,5-TriCB, 2Ј,3,4-TriCB, and 2,2Ј,3,4,4Ј,5,5Ј-HpCB, the sum of the enthalpies of vaporization (⌬H vap ) and fusion (⌬H fus ) in Table 2 was almost equal to the enthalpy of sublimation (⌬H sub ). For example, for 2,4Ј-DiCB, the sum of the enthalpies of vaporization (75.75 Ϯ 1.47 kJ/mol) and of fusion (18 kJ/mol) is 93.75 Ϯ 1.47 kJ/mol. This value is in good agreement, within experimental error, with the value for the enthalpy of sublimation (94.26 Ϯ 5.63 kJ/mol). In another example of applying the Knudsen method, Brunetti and Piacente [27] measured the vapor pressures of selenobarbituric acid in both the solid and liquid phase and derived the enthalpies of sublimation, vaporization, and fusion.
We checked quantitatively the veracity of our experimental vapor pressures and fusion data used for the calculation of the subcooled vapor pressures. Most of our liquid vapor pressure data, which contain the subcooled data, were in excellent agreement with the literature GC-RT data reported by Falconer and Bidleman [18] (see Figs. 2 to 4 and Tables 3 and 4) . As shown in Table 3 and Figures 2 and 3 , we found that the liquid and subcooled liquid vapor pressures in this study were higher than those reported by Tateya et al. [16] and Hinckley et al. [17] . The temperature-dependent properties obtained in this study are obviously more analogous to the results of Falconer and Bidleman [18] than to those of Tateya et al. [16] and Hinckley et al. [17] , even though all these studies used the same GC-RT method. These differences could be a result of the selection of reference compounds and the determination of molecule structure parameters, which contain not only the total chlorine number but also the substituted positions. Whereas Tateya et al. [16] used butoxy ethyl 2,4-dichlorophenoxy acetate and butoxy ethyl 2,4,5-trichlorophenoxy acetate as reference compounds, Falconer and Bidleman [18] calculated the parameters for the temperature dependence of liquid vapor pressures of PCBs from the data derived by Bidleman [2] (octadecane, eicosane as reference compounds) and Hinckley et al. [17] (p-pЈ-DDT, eicosane as reference compounds). Moreover, Falconer and Bidleman [18] took into consideration the parameters fitted with functions of different homology and ortho-chlorine substitutions.
In Table 4 , we have included the subcooled liquid results taken at 298 K by Dunnivant and Elzerman [6] for the sake of comparison with our data. They calculated vapor pressures from the experimental water solubility and Henry's Law constant data, measured by a generator column method and gaseous purge technique. For the lesser chlorinated PCB congeners, such as DiCB and TriCB, our extrapolations of the subcooled liquid vapor pressures agree very well with their results. On the other hand, differences were noticeable for 2,2Ј,5,5Ј-TeCB, 3,3Ј,4,4Ј-TeCB, 2,2Ј,4,5,5Ј-PeCB, and 2,2Ј,4,4Ј,5,5Ј-HxCB between our extrapolated values and those of Dunnivant and Elzerman [6] , in contrast to the good agreement with Foreman and Bidleman [7] . These discrepancies could be a result of experimental difficulties associated with the analytical determination of low aqueous solubility and Henry's Law constants for highly chlorinated PCB congeners.
Activity coefficients for major PCB congeners in Kanechlor mixtures
In a paper [19] , we experimentally determined the vapor pressures of commercial Kanechlor mixtures (Kanechlor 300 and Kanechlor 500) and obtained the molar compositions of these mixtures after measurement at several temperatures. With these vaporization data, and with the vapor pressure results for pure PCBs obtained in this study, we can calculate the activity coefficients (␥ i ) of the PCB congeners in Kanechlor mixtures by Equation 4 ,
where P p,i is the partial pressures of individual congeners in Kanechlors, P L,i is the vapor pressure for the pure component, and x i is the mole fraction of the individual congeners in the Kanechlor mixtures. In the vapor phase, the partial pressures of each of the congeners (P p,i ) are proportional to their mole fractions. Because the vapor phase in the Knudsen cell is in an equilibrium state, we can calculate the partial pressures of each of the congeners (P p,i ) from the equilibrium vapor pressure of Kanechlors (P k ) and the mole fractions of the individual congeners in the vapor phase (y i ) on the basis of Dalton's law of ideal gas behavior with Equation 5 .
To calculate the mole fraction of each individual congener in the vapor phase (y i ), we used the number of moles for each individual congener in the Kanechlors (M i ), the total number of moles of all PCB congeners in the Kanechlors (M total ), and the volatilized fraction of the individual congeners (V i ) and of all PCBs (V total ) at the specified temperature [19] in Equation 6 .
For Kanechlor 300 and 500, the mole fractions of each congener in the vapor phase (y i ) were derived from the changes in their compositions during vaporizations at specified temperatures [19] . In Table 5 , we present the mole fraction in the vapor phase (y i ) and the partial pressures (P p,i ) at 298 K of the major PCB congeners in the Kanechlors. In a previous paper [19] , we gave the experimentally measured equilibrium vapor Table 5 indicate either that the congeners were not found in the Kanechlor mixtures or that the congeners such as 2,3-/2,4Ј-DiCB, were unidentifiable under these analytical conditions. The vapor phase mole fraction (y i ) of 2,2Ј-DiCB, 2,3-/2,4Ј-DiCB, and 2,2Ј,5-TriCB for Kanechlor 300 and of 2,3-/2,4Ј-DiCB, 2,2Ј,5,5Ј-/2,3Ј,4,6-TeCB, 2,2Ј,3,5Ј,6-/ 2,2Ј,3Ј,4,6-PeCB, and 2,2Ј,4,5,5Ј-PeCB for Kanechlor 500 were relatively higher than those of other congeners because of the high vapor pressures and large mole fractions in the mixtures.
In Table 5 , we also provide the activity coefficients calculated by Equation 4 . As shown in this table, the activity coefficients had a tendency to be higher than unity, increasing in degree of chlorine substitution. The activity coefficient of 2,2Ј-DiCB in Kanechlor 500 was lower than unity because of the difficulties associated with analytical determination of the low concentrations of congeners in the complex mixtures. Our previous paper [19] showed that the content of 2,2Ј-DiCB in Kanechlor 500 was only 0.08 weight %. From our measurements and calculations, it can be concluded that PCB mixtures such as Kanechlors, at ambient temperatures, show slight positive deviations from the ideal solution (Raoult's Law), especially with regard to the higher chlorinated congeners contained in them. Foreman and Bidleman [7] also speculated on deviations of commercial mixtures from the ideal. Their vapor pressures, calculated assuming Raoult's Law to hold for Aroclor 1248, 1254, and 1260 at 298 K, were approximately 2.3 to 2.4 times lower than those that Mackay and Wolkoff [28] extrapolated with the Antoine equation from the experimental vapor pressures of each Aroclor.
CONCLUSION
The vapor pressures of the solid phase of 20 PCB congeners and the liquid and subcooled liquid phase for 26 PCB congeners, which are the main components in Kanechlor mixtures and selected coplanar congeners, were experimentally measured by the Knudsen effusion method. We noted that within each homologue, the vapor pressures were higher for the congeners that had more ortho-substituted chlorines, which affects the molecular structure symmetry. From a comparison of our pure compound vapor pressures and those calculated with the use of vapor pressures and compositions of Kanechlor mixtures, we derived the activity coefficients of the major congeners in the Kanechlor mixtures. The values of the activity coefficients obtained here were slightly greater than unity. From these results, it was supposed that, at ambient temperatures, commercial PCB mixtures exhibit a slight positive deviation from the ideal solution (Raoult's Law).
